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(57) Abstract 



The present invention provides a positive electrode material for lithium and lithium-ion secondary cells which exhibits good 
cycleability, reversible specific capacity, and structural stability. The positive electrode material comprises a lithium multi metal oxide 
having a spinel structure and described by general formula (I) wherein M'/M 2 , ...M* 1 are at least two cations different than lithium or 
manganese, selected from the group consisting of alkaline earth metals, transition metals, B, Al, Si, Ga and Ge; X, Y, mi, nu, ...Mk are 
molar parts with numbers between 0 and 0.2; mi, m2 and Y are greater than 0; Z is a number between -0.1 and 0.2; and wherein the metals 
M 1 , M 2 , ...M k and the corresponding molar parts mi, M2, ...mk satisfy the equation and inequality: Y - X + mi + m2 + ... + mk and (a) 
wherein Vj, V2, ...Vk are the corresponding valence states of the cations M 1 , M 2 , ...M k . 
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MULTIPLE -DOPED OXIDE CATHODE MATERIAL FOR 
SECONDARY LITHIUM AND LITHIUM- ION BATTERIES 

Cross-Reference To Related Applications 

This application is related to copending 
provisional application Serial No. 60/039,666, filed 
February 28, 1997, and claims the benefit of the 
earlier filing date of this application under 3 5 U.S.C. 
§ 119 (e) . 

Field of the Invention 

The present invention relates to composite 
metal oxide positive electrode materials for secondary- 
lithium and lithium-ion batteries. 



5 Background of the Invention 

Lithium-manganese spinels are presently 
considered useful positive electrode materials for 4 V 
secondary lithium and lithium-ion batteries. However, 
the stoichiometric spinel LiMn 2 0 4 exhibits poor cycling 
10 performance in comparison to other positive electrode 
. materials used for 4 V batteries. Therefore, there 
have been numerous methods proposed in the art for 
increasing the cycling performance of LiMn 2 0 4 . 

For example, a portion of the manganese in 
15 the LiMn 2 0 4 spinel can be replaced with excess lithium 

as proposed in R-.J. Gummow et al., Solid State Ionics, 
69 (1994), p. 59; and U.S. Patent No. 5,425,932 to 
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Tarascon. Nevertheless, the stabilization of the 
LiMn 2 0 4 structure by doping the spinel with excess 
lithium to form Li 1+x Mn 2 -x°4 is accompanied by a 
significant decrease in its specific capacity. This 
5 decrease is caused by the fact that each lithium ion in 

excess of the stoichiometric amount engages 3 Mn 3+ ions 
by replacing one of them and changing the valence state 
of the other two from 3 + to 4 + , thereby significantly 
reducing the number of manganese ions which can change 

10 their valence from 3 + to 4 + during the charge process. 

Another proposed solution has been the 
replacement of a portion of the manganese ions with 
another cation as described, e.g., in U.S. Patent No. 
5,169,736 to Bittihn et al . ; U.S. Patent No. 5,478,674 

15 to Miyasaka; EP 0744381; DE 4,435,117; GB 2,270,195; 

U.S. Patent No. 5,677,087 to Amine et al . ; and the 
Gummow et al . article, supra. Although the spinels 
substituted with cations other than lithium tend to 
show better capacity retention for the cathode 

20 material, there is still a substantial decrease in the 

specific capacity. This is typically due to the fact 
that the doping ion replaces a 3 + manganese ion, but 
cannot itself be transferred to 4 + during the charge 
process (e.g. Ni 2+ , Co 3+ , Cr 3+ and Al 3 *) , or it replaces a 

25 lithium ion in its tetrahedral site reducing the number 

of lithium ions which can be reversibly intercalated in 
the 4 V range (e.g. Fe 3 \ Ga 3+ , Ti 4+ and V 5+ .) . 

Other solutions have also been proposed. For 
example, U.S. Patent No. 5,674,645 to Amatucci et al. 

30 proposes replacing a portion of the oxygen with other 
anions. Alternatively, U.S. Patent No. 5,429,890 to 
Pynenberg et al . and U.S. Patent No. 5,478,675 to 
Nagaura have proposed a composite physical mixture of 
LiMn 2 0 4 with other metal oxides. However, these methods 

3 5 have not provided the cycleability, specific capacity 

and structural stability desired in the art. 
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Summarv of the Invention 
It has been discovered that a certain 
combination of codoping ions simultaneously introduced 
into the spinel structure can lead to considerable 
5 improvement in the capacity retention, i.e., • 

cycleability, of the positive electrode material for 
secondary lithium and lithium- ion batteries without a 
significant decrease in its specific capacity. 
Structurally stable codoped lithium metal oxides can be 
10 prepared in accordance with the invention which have 

both the cycleability and the reversible specific 
capacity desired in the art. 

The present invention provides a positive 
electrode material for secondary lithium and lithium- 
15 ion cells which comprises a multiple-doped lithium 

manganese metal oxide having a spinel structure and 
described by the general formula: 

Li 1+x Mn 2 -YM* M* 2 .. .M£0 4+2 

wherein M 1 , M 2 , . . ,M k are at least two cations different 
than lithium or manganese, selected from the group 
20 consisting of alkaline earth metals, transition metals, 

B, Al, Si, Ga and Ge; 

X, Y, m lf m 2 , . . . .m k are molar parts with 
numbers between 0 and 0.2; 

m lt m 2 and Y are greater than 0; 
25 Z is a number between -0.1 and 0.2; and 

wherein the metals M 1 , M 2 , . .. . M k and the 
corresponding molar parts m lt m 2 , . . .m k satisfy the 
. following equation and inequality: 

Y = X + m 1 + m 2 + - + m k 

30 and 

3.3 < + m 7 V ? + - + m h V h < 3 . 7 

m L + m 2 + m 3 + - + m k 

wherein V X/ V 2 , . . . ,V k are the corresponding 
valence states of the cations M 1 , M 2 , ...M k . 
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More preferably, the cations M 1 , M 2 , . . .M k and 
the corresponding molar parts m 1# m 2 , . . . .m k satisfy the 
following two equations; 

- Y = X + m x + m 2 + - + m k 

5 + m -> v ? + - .+ m y^y = 3.5 

1113^ + m 2 + TTi 3 + »• + m k 

Furthermore, the codopants in the multiple- 
doped lithium manganese oxide spinel compounds of the 
invention preferably do not cause significant 

10 contraction or expansion of the spinel structure. 

Specifically, the unit cell parameter (a) of the 
multiple -doped lithium manganese metal oxide of the 
invention is preferably within about ± 0.0015 A/mol%, 
more preferably ± 0.0005 A/mol%, of the unit cell 

15 parameter (a) of the corresponding unsubstituted 

Li 1+x Mn 2 . x 0 4+z spinel. 

In a particularly preferred embodiment of the 
invention, the spinel compound is codoped with 
equivalent amounts of Co 3+ and Ti 4+ to form a spinel 

20 material having a composition described by the formula: 

Lii +x Mn 2 . x . 2m Co m 3+ Ti m 4+ 0 4+2 
wherein X and m are molar parts with numbers between 0 
and 0.2 and Z is a number between -0.1 and 0.2. 

These and other features and advantages of 

25 the present invention will become more readily apparent 

to those skilled in the art upon consideration of the 
following detailed description and accompanying 
drawings which describe both the preferred and 
alternative embodiments of the present invention. 



3 0 Brief Description of the Drawings 

Figure 1 is a graph showing the discharge 
specific capacity versus cycle number for a secondary 
lithium cell with a positive electrode material 
prepared in accordance with the present invention, and 

35 for secondary lithium cells having alternative positive 
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electrode materials, wherein the excess lithium is the 
same for all examples. 

Figure 2 is a graph showing the discharge 
specific capacity versus cycle number for a secondary 
5 lithium cell with a positive electrode material 

prepared in accordance with the present invention, and 
for secondary lithium cells having alternative positive 
electrode materials, wherein the sum of the molar parts 
of the excess lithium and the codopants is the same for 
10 all examples. 



Detailed Description of the Preferred Embodiments 

In the drawings and the following detailed 
description, preferred embodiments are described in 
detail to enable practice of the invention. Although 

15 the invention is described with reference to these 

specific preferred embodiments, it will be understood 
that the invention is not limited to these preferred 
embodiments. But to the contrary, the invention 
includes numerous alternatives, modifications and 

20 equivalents as will become apparent from consideration 

of the following detailed description and accompanying 
drawings . 

The present invention is directed to 
improvements in the electrochemical performance of the 

25 secondary lithium and lithium- ion cells resulting from 

the use of a multiple-doped lithium manganese spinel as 
the positive electrode material. In particular, it has 
been discovered that the electrical performance of a 
stoichiometric lithium manganese oxide spinel Li 1+x Mn 2 . 

30 x°4+z can be improved by replacing a portion of the 

manganese with a combination of two or more cations 
other than lithium or manganese. In addition, a 
portion of the manganese can be replaced with excess 
lithium ions in the spinel to improve the electrical 

35 performance of the Li 1+x Mn 2 . x 0 4+z spinel. 



WO 98/38648 



PCT/US98/03847 



-6- 

In accordance with the invention, the 
multiple-doped lithium manganese oxide has a spinel 
structure and can be described by the general formula: 

Li 1+x Mn 2;Y Mi M^ 2 . . .Mj0 4+ z 

wherein M 1 , M 2 , . . .M k are at least two cations 
different than lithium or manganese, selected from the 
group consisting of alkaline earth metals, transition 
metals, B, Al, Si, Ga and Ge; 

X, Y, m lt m 2 , . . . .m k are molar parts with 
numbers between 0 and 0.2; 

Z is a number between -0.1 and 0,2; and 
wherein the metals M 1 , M 2 , . . .M k and the 
corresponding molar parts m lf m2,...m fc satisfy the 
following equation and inequality: 
Y = X + m x + m 2 + - + m k 

and 

3.3 < m 1 V 1 + m ? V ? + - -f m T ,V T .< 3 . 7 
m x + m 2 + m 3 + — + m k 

wherein V lf V 2 , . . . .V k are the corresponding 
valence states of the cations M 1 , M 2 , . . .M k . 
0 It has been determined in accordance with the 

invention that to maintain the desired structural 
stability of the spinel structure of the invention, the 
molar portion of replaced manganese equals the molar 
amount of codopants and the excess lithium, i.e., Y = X 
5 + m x + m 2 + - + 1%. As will be readily understood by 

those skilled in the art, because the present invention 
replaces a portion of the manganese with a combination 
of two or more cations other than lithium or manganese, 
m x and m 2 are greater than 0 and therefore Y is also 
0 greater than 0 in accordance with the invention. 

In addition, as described above, in the 
multiple-doped lithium manganese oxide spinels of the 
invention, the mean valency of the codopants satisfies 
the relationship: 
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3-3 < m 1 V 1 + m ? V o + - + mJV^ < 3 . 7 
m x + m 2 + m 3 + - + m k 

wherein V lt V 2/ . . . .V k are the corresponding valence 

states of the cations M 1 , M 2 , . . .M k . More preferably, 

5 im 1 V 1 + m ? V ? + - + itkVu = 3.5 

m x + m 2 + m 3 + — + m k 

Therefore, the mean valency state of the substituted 

ions are equal or nearly equal to the mean valency 

state of the manganese ions in the corresponding 

10 unsubstituted spinel compound. 

In a particularly preferred embodiment of the 

invention, the Li 1+x Mn 2 _ x 0 4+2 spinel compound is codoped 

with Co 3+ and Ti 4+ to form the spinel material. 

Preferably, in order for the dopants to achieve an 

15 overall valency of 3.5, the molar amounts of Co 3+ and 

Ti 4+ are equivalent. In addition, a portion of the 

manganese can also be replaced by excess lithium. In 

this preferred embodiment, the composition can be 

described by the formula: 

2 0 Li 1+x Mn 2 . x . 2m Co m 3+ Ti m 4+ 0 4+2 

wherein X and m are molar parts with numbers between 0 

and 0.2 and Z is a number between -0.1 and 0.2. 

Although the codopant combination of cobalt 

and titanium is described as a preferred embodiment for 

25 use in the invention, various other combinations can be 

used in accordance with the invention. For example, 

combinations of aluminum, cobalt, chromium, copper, 

iron, gallium, magnesium, nickel, germanium, 

molybdenum, niobium, titanium, vanadium and tungsten 

30 such as aluminum/titanium, gallium/titanium, 

nickel/titanium, iron/titanium, chromium/titanium, 

cobalt /vanadium., aluminum/vanadium, magnesium/ vanadium, 

• gal 1 ium/ vanadium , nickel / vanadium , iron/ vanadium , 

chromium /vanadium , cobalt / molybdenum , 

35 a luminum/mo lybdenum , gall ium/mo lybdenum , 

nickel /molybdenum, iron/molybdenum, 

chromium/molybdenum , cobalt / germanium , 

aluminum/germanium, magnesium/germanium, 
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gallium/germanium, nickel /germanium, iron/germanium, 
chromium/germanium , cobal t /nicke 1 /vanadium , 
magne s ium/germanium/ vanadium , aluminum/ cobal t / 1 i t anium , 
a luminum/ 1 i t anium/ mo lybdenum , 
5 aluminum/cobalt /molybdenum, nickel/titanium/molybdenum, 

cobalt /nickel /titanium/vanadium, 
cobalt /nickel/titanium/molybdenum, and 
cobalt/nickel/aluminum/titanium/vanadium, can be used 
to produce multiple doped lithium manganese oxide 

10 spinels which meet the above formula in accordance with 

the invention. 

Furthermore, the codopants in the multiple- 
doped lithium manganese oxide spinel compounds of the 
invention are preferably selected not to cause 

15 significant contraction or expansion of the spinel 

structure. Therefore, the codopants typically have a 
mean ionic radii size (Ri) which corresponds to the mean 
ionic radii size of the manganese ions being replaced. 
Preferably, the unit cell parameter (a) of the 

20 multiple-doped lithium manganese oxide spinel compound 

is within ± 0.0015 A/mol%, more preferably within about 
± 0.0005 A/mol%, of the unit cell parameter of the 
corresponding unsubstituted Li 1+x Mn 2 _ x 0 4+z spinel (i.e., 
wherein m lf m 2 , ... m k = 0) . Stated differently, 

25 introducing the codopants into the lithium manganese 

oxide spinel causes an increase or decrease in the unit 
cell parameter of the spinel of less than or equal to 
about 0.0015 A/mol%, more preferably, less than or 
equal to about ± 0.0005 A/mol%. The unit cell 

30 parameter (a) of the spinel structure can be readily 

determined by x-ray diffraction analysis using CuKc^ 
rays or other rays as would be understood by those 
skilled in the art. 

For example, in the preferred embodiment 
35 described above, Co 3+ ions have an ionic radii of 0.55 A 

and replace Mn 3+ ions which have a higher ionic radii 
size of about 0.62 A. Therefore, the replacement of 
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Mn 3+ ions with Co 3+ ions in the spinel structure causes a 
corresponding decrease in the unit cell parameter. In 
contrast, Ti 4 * ions have an ionic radii size of 0.68 A 
and replace Mn 4+ ions which have a smaller ionic radii 
5 size of about 0.54 A thereby causing an increase in the 

unit cell parameter. However, because the mean radii 
size of the Co 3+ and Ti 4+ ions when used in equal amounts 
is close to the mean radii size of the Mn 3+ and Mn 4+ ions 
in the spinel, the introduction of equal amounts of Co 3+ 
10 and Ti 4+ in the spinel structure does not cause 

significant changes in the unit cell parameter of the 
spinel. As a result, doping the spinel structure with 
equal amounts of Co 3 * and Ti 4+ ions considerably 
decreases the lattice distortion caused by the 
15 different geometric sizes of these ions in the spinel' 

structure. This can be demonstrated by comparing the 
unit cell parameters of a single cobalt-doped spinel 
compound and the multiple-doped spinel compound of the 
preferred embodiment using x-ray diffraction analysis. 
20 When small amounts (e.g., molar amounts of about 0.01) 

of Co 3+ ions replace Mn 3+ ions in the spinel structure, 
there is an decrease in the unit cell parameter of 
about 0.005 A/mol%. However, when Co 3+ and Ti 4+ are 
introduced in equivalent amounts, the decrease in the 
25 unit cell parameter is only about 0.001 A/mol% as 

desired in the invention. 

In addition to the above, the doped ions used 
in the spinel of the invention are preferably selected 
such that not all of the doped ions occupy the same 
30 sites (e.g. octahedral and tetrahedral sites) in the 

spinel structure. For example, in the preferred 
embodiment described above, the Co 3+ ions generally 
occupy octahedral sites and the majority of the Ti 4+ 
ions occupy tetrahedral sites when included in the 
35 spinel structure. Other ion combinations, e.g., Ni 2+ 

and V 54 , can also occupy different positions in the 
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spinel structure as preferred in accordance with the 
invention* 

The present invention also includes a method 
of preparing a multiple -doped lithium manganese oxide 
5 spinel compound as described above. Specifically, 

source compounds (i.e. raw materials) containing 
lithium, manganese, oxygen, and the dopants (M 1 , M 2 , . . . 
M k ) are mixed to provide the formula: 

Li 1+x Mn 2 . Y M^M 2 a2 ...M^0 4+z 



wherein X, Y, m 1# m 2 , . . . .m k are molar parts with numbers 
10 between 0 and 0.2; m lt m 2 and Y are greater than 0; Z is 

a number between -0.1 and 0.2; and the metals M 1 , 
M 2 , . . .M k and the corresponding molar parts m 1# m 2 , . . .m k 
are selected to satisfy the equation and inequality: 
Y = X + m x + m 2 + - + m k 

15 and 

3.3 < m 1 V 1 + m ? V 2 + - + m y V y < 3 . 7 
va 1 + m 2 + m 3 + • ■ • + m k 

wherein V 1# V 2 , . . . .V k are the corresponding valence 
states of the cations M 1 , M 2 , . . .M k . In addition, the 

20 cations can be selected to correspond to the ionic 

radii size of the manganese being replaced as discussed 
in more detail above. 

The source compounds for preparing the 
multiple-doped lithium manganese metal oxides of the 

25 invention can be pure elements but are typically 

compounds containing these elements such as oxides, 
salts or complexes thereof. In addition, the cations 
for the multiple -doped spinel compound can each be 
supplied from separate source compounds or two or more 

30 of the cations can be supplied from the same source 

compound. In either case, it is important that the 
source compounds have high purity to limit the amount 
of defects in the spinel compound. 
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The source compounds can be mixed in any 
desirable order to provide the desired elements for the 
multiple-doped lithium manganese oxide spinels of the 
invention. Preferably, the source compounds are mixed 
5 using wet chemistry such as sol-gel type reactions, 

coprecipitation, and other methods. In one preferred 
example, the non- lithium source compounds are mixed 
together in aqueous solution to evenly distribute the 
source compounds and the resulting mixture is 

10 precipitated out of solution for later mixture with the 
lithium source compound. For example, to prepare the 
preferred embodiment described above, MnC0 3 , 
(CH 3 C0 2 ) 2 Co* 4H 2 0 and [CH 3 CH (O) C0 2 NH 4 ] 2 Ti (OH) 2 can be 
coprecipitated together and then mixed with LiOH to 

15 provide the desired elements. Alternatively, the 

source compounds used in the invention can be mixed 
using dry methods. As will be understood by those 
skilled in the art, the selection of mixing methods 
will vary depending on the source compounds used and 

20 the desired end product. In any event, the source 

compounds are preferably sufficiently mixed to provide 
an even distribution of the metals in the mixture. It 
has been discovered in accordance with the invention 
that the even distribution of the metals produces a 

25 more homogenous and structurally stable spinel 

compound. 

The mixture once prepared can be reacted by a 
solid state reaction to form the multiple-doped lithium 
manganese oxide spinel compounds of the invention. 

30 Preferably, the mixture is reacted by firing the 

mixture at an elevated temperature between about 400 °C 
and about 900 °C in the presence of oxygen, e.g., in an 
atmosphere with a partial pressure of oxygen of at 
least 20 kPa. The mixture can be fired in one step but 

35 is preferably fired in more than one step to produce 

the spinel compound. Preferably, the mixture is fired 
at a temperature between about 400 °C and about 500°C 
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for 1 to 24 hours, at a temperature between about 500 °C 
and about 600 °C for 1 to 24 hours, and at a temperature 
of between about 700 °C and about 900 °C for 1 to 24 
hours- Additional firing steps can also be used in the 
5 invention to improve the quality of the resulting 

spinel as described, e.g., in U.S. Patent No. 
5,718,877, which is hereby incorporated in its entirety 
by reference. Once the mixture has been fired to form 
the multiple -doped lithium manganese oxide spinel 

10 compound, this compound is preferably cooled to ambient 

temperature in a controlled manner, e.g., at a rate of 
5°C/min or less, to produce a spinel compound suitable 
for use as a positive electrode material for secondary 
lithium and lithium-ion batteries. 

15 The multiple-doped lithium manganese oxide 

spinel compounds can be used in positive electrodes in 
secondary lithium and lithium-ion cells. The multiple- 
doped lithium manganese oxide spinel is typically 
combined with a conductive agent such as graphite or 

20 carbon black and a binder material such as 

polyvinyl idene difluoride (PVDF) and dispersed in a 
solvent such as n-methyl pyrrolidinone (NMP) (e.g. 1- 
methyl- 2 -pyrrol idinone) to form a slurry. The slurry 
is typically spread on aluminum and then heated to 

25 evaporate the solvent to form a dry electrode material. 

The dry electrode is then compressed by rolling, 
pressing, or other known methods, and cut into, for 
example, a disk, to form the positive electrode. The 
electrode is then placed inside an secondary lithium or 

30 lithium- ion cell with a lithium counterelectrode and an 

electrolyte such as EC :DMC/LiPF 6 . 

The present invention will now be further 
described by the following non-limiting examples. 

EXAMPLE 1 

35 A spinel Li 1+x Mn 2 . x . 2m Co m 3+ Ti m 4+ 0 4+z compound with X 

=0.05 and m = 0.01 was prepared in a solid state 
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reaction from LiOH, MnC0 3 , (CH 3 C0 2 ) 2 Co- 4H 2 0 and 
[CH 3 CH(0)C0 2 NH 4 ] 2 Ti(0H) 2 in a mole ratio of 
1.05:1,93 : 0.01: 0.01 by firing a mixture of these 
compounds . at 450 °C for 6 hours, 550 °C for 6 hours, 
5 750°C for 6 hours, 825°C for 24 hours, and 725°C for 6 

hours , The heated mixture was . then cooled to ambient 
temperature at a rate of 100°C/hr. The * stoichiometry 
of the resulting multiple oxide compound was 
Li1.osMni.93COo.01Tio.dO4 . 

10 The prepared multiple oxide spinel compound 

Li^osMni 93 Co 0 .oiTi 0 01 O 4 was then mixed with 10% graphite 
and a 5% PVDF binder dissolved in n-methyl 
pyrrolidinone (NMP) solvent to form a slurry. The 
slurry was spread on aluminum foil and then heated to 

15 evaporate the solvent. The dry electrode was then 

pressed at 500 kg/cm 2 and cut into a disk test sample 
electrode having a diameter of about 1 cm and a 
thickness of about 0.015 cm. The prepared test 
electrode was placed inside an electrochemical cell 

20 with a lithium counter electrode and with an 

EC:DMC/LiPF 6 electrolyte and a charging-discharging test 
was carried out at* a 1 h charge/discharge rate and 3- 
4.5 V voltage limits. 



EXAMPLE 2 

25 A spinel Li 1+x Mn 2 _ x _ 2m Co m 3+ Ti m 4+ 0 4+2 compound with X 

= 0.03 and m = 0.01 was prepared in a solid state 
reaction from LiOH, MnC0 3 , (CH 3 C0 2 ) 2 Co* 4H 2 0 and 
[CH 3 CH(0)C0 2 NH 4 ] 2 Ti(0H) 2 in a mole ratio of 
1.03:1.95:0.01:0.01 by firing a mixture of these 

3 0 compounds at 450 °C for 6 hours, 550° C for 6 hours, 

750°C for 6 hours, 825°C for 24 hours, and 725°C for 6 
hours. The heated mixture was then cooled to ambient 
temperature at a rate of 100°C/hr. The stoichiometry 
of the resulting multiple oxide compound was 

35 LiL03Mrii.KCOo.01Tio.01O4 • 
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A spinel Li 1>0 3Mn li95 Co 0>01 Ti 0>01 O 4 positive test 
electrode was prepared and an electrochemical cell 
assembled in the same manner as in Example 1. The cell 
charge/discharge characteristics were then measured 
5 under the same conditions as Example 1. 

COMPARATIVE EXAMPLE 1 
A spinel Li 1+x Mn 2 . x . m Co m 3+ 0 4+2 compound with X = 
0.05 and m = 0.02 was prepared in a solid state 
reaction from LiOH, MnC0 3 , and (CH 3 C0 2 ) 2 Co- 4H 2 0 in a mole 

10 ratio of 1.05:1.93:0.02 by firing a mixture of these 

compounds at 450°C for 6 hours, 550°C for 6 hours, 
750°C for 6 hours, 825°C for 24 hours, and 725°C for 6 
hours. The heated mixture was then cooled to ambient 
temperature at a rate of 100°C/hr. The stoichiometry 

15 of the resulting multiple oxide compound was 

A spinel Li^^M^ 93 Co 0 02 O 4 positive test 
electrode was prepared and the electrochemical cell 
assembled in the same manner as in Example 1. The cell 
20 charge/discharge characteristics were then measured 

under the same conditions as Example 1. 

COMPARATIVE EXAMPLE 2 
A spinel Li 1+x Mn 2 . x . m Ti rn 4+ 0 4 compound with X = 
0.05 and m = 0.02 was prepared in a solid state 
25 reaction from LiOH, MnC0 3/ and [CH 3 CH (O) C0 2 NH 4 ] 2 Ti (OH) 2 in 

a mole ratio of 1.05:1.93:0.02 by firing a mixture of 
these compounds at 450°C for 6 hours, 550°C for 6 
hours, 750°C for 6 hours, 825°C for 24 hours, and 725°C 
for 6 hours. The heated mixture was then cooled to 
30 ambient temperature at a rate of 100°C/hr. The 

stoichiometry of the resulting multiple oxide compound 
was Li^osMn^Tio.o^. 

A spinel Li x 05 Mn 1>9 3Ti 0 02 0 4 positive test 
electrode was prepared and an electrochemical cell 
35 assembled in the same manner as in Example 1. The cell 
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charge/discharge characteristics were then measured 
under the same conditions as Example 1. 

COMPARATIVE EXAMPLE 3 
A spinel Li 1+x Mn 2 _ x 0 4 compound with X = 0.05 was 
5 prepared in a solid state reaction from LiOH and MnC0 3 , 

in a mole ratio of 1.05:1.95 by firing a mixture of 
these compounds at 450 °C for 6 hours, 550°C for 6 
hours, 750°C for 6 hours, 825°C 'for 24 hours, and 725°C 
for 6 hours . The heated mixture was then cooled to 
0 ambient temperature at a rate of 10 0°C/hr. The 

stoichiometry of thus obtained multiple oxide compound 
was Li 105 Mn 195 O 4 . 

A spinel Li^^M^ 9S 0 4 positive test electrode 
was prepared and an electrochemical cell assembled in 
.5 the same manner as in Example 1. The cell 

charge/discharge characteristics were then measured 
under the same conditions as Example 1. 

Figure 1 illustrates the specific capacity 
versus cycle number for the cell prepared according to 
!0 Example 1 and the cells prepared according to 

Comparative Examples 1, 2 and 3. As demonstrated in 
Figure 1, the undoped spinel has a good initial 
specific capacity but considerable capacity loss or 
capacity fade. The titanium-doped spinel exhibits a 
25 slight improvement in capacity loss compared to the 

undoped spinel at the expense of a small decrease in 
specific capacity. The cobalt-doped spinel compound 
demonstrates a significant improvement in capacity fade 
over the undoped spinel but also has a significant 
3 0 decrease in initial specific capacity. The spinel 

produced in accordance with the invention, as shown in 
Figure 1, exhibits superior capacity fade without 
significant loss of initial specific capacity. This 
result would not be expected based on the initial 
35 specific capacity and cycling performance of the 

single-doped compounds as shown in Figure 1. In 
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particular, it would be expected that the combined 
improvement in cycleability based on the addition of 
both the Ti 4+ and Co 3+ ions would be associated with a 
combined decrease in initial specific capacity based on 
5 the addition of both of these ions. Nevertheless, this 

is not the case. Therefore, it has been discovered in 
accordance with the invention, that the use of multiple 
dopants can provide benefits to the Li 1+x Mn 2 _ x 0 4 spinel 
not readily predicted based on the electrical 

10 performance of the single-doped spinels. 

Figure 2 further illustrates the advantages 
of the multiple-doped lithium manganese oxide spinel 
compounds of the invention. Specifically, Figure 2 
illustrates the specific capacity versus cycle number 

15 for the cell prepared according to Example 2 and the 

cell prepared according to Comparative Example 3. As 
shown in Figure 2, the substitution of excess lithium 
in the spinel compound with equivalent amounts of Co 3+ 
and Ti 4+ cations can cause a substantial increase in the 

20 initial specific capacity without negatively affecting 

the capacity fade or cycleability of the spinel. 
Therefore, the addition of codopants can be used in 
combination with excess lithium or in place of excess 
lithium in the spinel compounds to benefit the 

25 electrical performance of the spinel. 

The multiple-doped lithium manganese oxide 
spinels of the invention exhibit increased cycleability 
and reversible capacity over unsubstituted Li 1+x Mn 2 _ x 0 4 
spinels. For the multiple -doped lithium manganese 

30 oxide spinels produced in accordance with the 

invention, in order to achieve an increase in 
cycleability without a corresponding significant 
decrease in specific capacity it has been found 
particularly important to have the combination of the 
35 valency state of the dopants, the position of the doped 
ions in the spinel structure, and the ionic radii size 
of the dopants described above. 
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It is understood that upon reading the above 
description of the present invention and reviewing the 
accompanying drawings, one skilled in the art could 
make changes and variations therefrom. These changes 
and variations are included in the spirit and scope of 
the following appended claims. 
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THAT WHICH IS CLAIMED: 
1. A multiple -doped lithium manganese metal 
oxide having a spinel structure and described by the 
general f Ormula : 

Li 1+x Mn 2 . Y M* M^. . .M^0 4+z 



5 wherein M 1 , M 2 , . . ,M k are at least two cations different 

than lithium or manganese, selected from the group 
consisting of alkali metals, alkaline earth metals, 
transition metals, B, Al, Si, Ga and Ge; 

X, Y, m lf m 2/ . . . m k are molar parts with 
10 numbers between 0 and 0.2; 

m lf m 2 and Y are greater than 0; 
Z is a number between -0.1 and 0.2; and 
wherein the metals M 1 , M 2 , . . .M k and the corresponding 
molar parts n^, m 2 , . . ,m k satisfy the following equation 
15 and inequality: 

Y = X + m x + m 2 + - + m k 

and 

3.3 < m 1 V 1 + m ? Vn + - + ny V,, < 3 . 7 
m 1 + m 2 + m 3 + **■ + m k 

20 wherein V 1# V 2 . . .V k are the corresponding valence state 

of the cations M\ M 2 , . . ,M k . 



2 . The metal oxide according to Claim 1 
wherein M 1 , M 2 , . . . M k are selected from the group 
consisting of aluminum, cobalt, chromium, copper, iron, 

25 gallium, magnesium, nickel, germanium, molybdenum, 

niobium, titanium, vanadium and tungsten. 

3 . The metal oxide according to any one of 

the preceding claims satisfying the following 

relationship : 

30 m,V, + m nV ? + - + m,V, = 3.5 

m x + m 2 + m 3 + - + m k 
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wherein V 1# V 2 , . . .V k are the corresponding valence states 
of the cations M 1 / M 2 / ...M k . 



•4. The metal oxide according to any one of 
the preceding claims wherein M 1 is Co and M 2 is Ti. 

5 . The metal oxide according to any one of 
the preceding claims wherein m 1 = m 2 . 

6 . The metal oxide according to any one of 
the preceding claims having a unit cell parameter (a) 
within about ± 0.0015 A/mol% of the unit cell parameter 
of the corresponding unsubstituted Li 1+x Mn 2 . x 0 4 spinel . 

7 . The metal oxide according to any one of 
the preceding claims having a unit cell parameter (a) 
within about ± 0.0005 A/mol% of the unit cell parameter 
of the corresponding unsubstituted Li 1+x Mn 2 _ x 0 4 spinel. 

8. A multiple-doped lithium manganese metal 
oxide with a spinel structure and described by the 
formula: 

Li 1+x Mn 2 . x . 2m Co ra 3+ Ti m 4+ 0 4+z 

wherein X and m are molar parts with numbers between 0 
and 0.2 and Z is a number between -0.1 and 0.2. 

9. A positive electrode for secondary 
lithium and lithium- ion batteries comprising the 
multiple -doped lithium manganese oxide of any one of 
the preceding claims. 
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